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REVIEW

To scale or not to scale: the principles of
dose extrapolation

Vijay Sharma and John H McNeill

Division of Pharmacology and Toxicology, Faculty of Pharmaceutical Sciences, The University of British Columbia, Vancouver,
BC, Canada

The principles of inter-species dose extrapolation are poorly understood and applied. We provide an overview of the principles
underlying dose scaling for size and dose adjustment for size-independent differences. Scaling of a dose is required in three
main situations: the anticipation of first-in-human doses for clinical trials, dose extrapolation in veterinary practice and dose
extrapolation for experimental purposes. Each of these situations is discussed. Allometric scaling of drug doses is commonly
used for practical reasons, but can be more accurate when one takes into account species differences in pharmacokinetic
parameters (clearance, volume of distribution). Simple scaling of drug doses can be misleading for some drugs; correction for
protein binding, physicochemical properties of the drug or species differences in physiological time can improve scaling.
However, differences in drug transport and metabolism, and in the dose-response relationship, can override the effect of size
alone. For this reason, a range of modelling approaches have been developed, which combine in silico simulations with data
obtained in vitro and/or in vivo. Drugs that are unlikely to be amenable to simple allometric scaling of their clearance or dose
include drugs that are highly protein-bound, drugs that undergo extensive metabolism and active transport, drugs that
undergo significant biliary excretion (MW > 500, ampiphilic, conjugated), drugs whose targets are subject to inter-species
differences in expression, affinity and distribution and drugs that undergo extensive renal secretion. In addition to inter-species
dose extrapolation, we provide an overview of dose extrapolation within species, discussing drug dosing in paediatrics and in
the elderly.
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Introduction

Healthcare professionals and researchers have access to a wide
range of compounds that are approved for clinical use, under
investigation as potential clinical therapies or used as tools to
unravel physiological and/or pathophysiological mecha-
nisms. Regardless of the purpose for which the drug is admin-
istered, the key to success is the selection of a safe and
effective dose. If the safe and effective dose of a chosen drug
is not known in a particular species, it must then be estimated
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based on information obtained from other species. The aim of
dose extrapolation is to produce appropriate drug exposure to
ensure efficacy and safety.

The principles that underlie the correct translation of doses
among and within species are very poorly understood and
applied by the healthcare, scientific and general communi-
ties. An often-quoted and tragic example is the case of Tusko,
who was an Asiatic elephant at the Lincoln Park Zoo in
Oklahoma City. In 1962, Tusko was given a dose of the psy-
chotomimetic drug lysergic acid diethylamide (LSD), which
had been estimated using a mg-kg™" dose previously used in
cats. Tusko went into status epilepticus 5 min after the first
dose was administered and, despite efforts to control the
seizures, died 1 h and 35 min later (West et al., 1962). A dose
of LSD, which produced borderline effects in cats and pri-
mates, was toxic to the elephant; this difference arose because
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the rates of pharmacokinetic processes in elephants are
slower, leading to an increase in the peak plasma concentra-
tion achieved by the dose and a prolongation of the effect. It
is possible that differences in the sensitivity of elephants to
LSD may have contributed to the remarkably fast onset of
status epilepticus; however, the excessively high dose is the
most likely reason for the fatal outcome.

A more recent example is given by the media coverage
surrounding resveratrol, an antioxidant found to protect
against metabolic dysfunction and aging-related disease (Baur
et al., 2006; Lagouge et al., 2006). The media extrapolated the
dose given to mice (22.4 mg-kg') on the basis of body weight
and reported that the human dose would be 1344 mg-day’,
an unfeasibly high dose that created scepticism of the
research. The correct extrapolation is 1.82 mg-kg'-day™, or
109 mg-day ! for a 60 kg human, a dose that could feasibly be
administered (Reagan-Shaw et al., 2008). Both of these cases
illustrate that larger animals require smaller drug doses on a
mg-kg! basis, a phenomenon that is often counterintuitive to
the uninitiated.

However, scaling for size differences is not consistent
among species. When a dose of aspirin was scaled for admin-
istration to cats, the cats experienced aspirin toxicity (Davis
and Westfall, 1972). This problem arose because cats lack the
capacity for glucuronidation, an important clearance mecha-
nism of aspirin, and the aspirin dose must be reduced to
account for the resulting decrease in aspirin clearance. The
key to successful dose extrapolation therefore lies in under-
standing how doses should be scaled for size and adjusted for
size-independent differences. The aim of this review is to
provide an overview of the principles underlying both of
these aspects.

An understanding of inter-species dose extrapolation is
required in three main situations:

1. The selection of the maximum recommended starting dose in
humans for Phase 1 clinical trials.

2. The selection of a safe and effective therapeutic dose in
veterinary practice.

3. Dose selection for experimental purposes.

The journey of a drug from its absorption to its excretion,
during which the drug interacts with its pharmacological
targets (e.g. receptors, enzymes, ion channels), defines the
points at which physiological and biochemical inter-species
differences exert their influence. The concentration of the
drug that reaches the site of action depends on its absorption,
distribution, metabolism and excretion, the classic compo-
nents of pharmacokinetics. The effect produced by the con-
centration at the site of action depends on the affinity of the
drug for its target and the nature and magnitude of the
response produced by the drug-target interaction. Some of
these determinants are related to the size of the animal and
some are not; the relative importance of each determines the
utility of scaling on the basis of size.

The effect of animal size on metabolic rate

The origin of allometric scaling relationships in biology can
be understood by considering the relationship between the
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metabolic rate of an animal and its size. As the size of animal
species gets larger, the body surface area in relation to body
weight decreases. Larger animals therefore have less capacity
for losing heat than smaller animals. Larger animals could
have adapted to this by evolving new metabolic machinery,
which can function at higher temperatures, or by retaining
the same machinery and decreasing the specific metabolic
rate (the metabolic rate per unit mass). Evolution opted for
the latter, simpler adaptation; the larger animal species retain
similar anatomical features and biochemical machinery, but
have a lower specific metabolic rate. Their heat production
per unit weight is therefore decreased, and their body
temperature is maintained (Huxley, 1932; Adolph, 1949). A
mechanism for this adaptation is provided by the principle
that, as animal species get larger, the transportation distances
increase and the supply of nutrients to the distal tissues is
constrained; the cells must therefore ‘slow down’ if they are to
function in the face of these constraints (Brown et al., 2004;
Duncan et al., 2007). Because evolution has chosen this route,
it is valid to assume that there are many biochemical, physi-
ological and anatomical similarities among animals. The
decrease in the pace of these biochemical and physiological
processes underlies many species differences in pharmacoki-
netics, and this assumption forms the basis for the use of
allometric scaling to adjust for pharmacokinetic differences.

Allometric scaling

Scaling is a term borrowed from engineering, which, as its
name suggests, refers to adaptations of a functional system to
operate at different production scales. This is achieved by
increasing the number of functional units, increasing the size
of a functional unit, increasing flow through the functional
unit (which may or may not involve alteration of the flow
scheme) or by redesigning the system altogether. Biological
systems take advantage of all four of these mechanisms when
adapting to serve organisms of different sizes. Allometry is the
study of size and its consequences, and the scaling of biologi-
cal functional systems can be studied and described math-
ematically by using allometric equations. The term allometry
is derived from the Greek alloios, meaning different, and is
used to distinguish allometric scaling from isometric scaling.
Isometric scaling applies to figures whose proportions remain
the same at all sizes (i.e. geometrical figures), whereas allom-
etric scaling applies to figures whose proportions change as a
function of size (Schmidt-Nielsen, 1984).

The relationship between whole body metabolic rate and
body size can be described mathematically by using the
equation P = aW?’, where P is the physiological parameter
(metabolic rate) and W is the body weight in kilogram. The
constant b is referred to as the exponent, which describes how
the parameter scales over different values of body weight. It is
important to realize that exponents are not constants and
have no physiological meaning by themselves. They simply
provide a means of describing, in mathematical language, the
effect of size (W) on a given parameter (P). If P and W
increased in direct proportion, the exponent would be 1.
Blood volume, for example, increases in direct proportion to
body mass and therefore scales with an exponent of 1; this is



an isometric relationship. Haemoglobin concentration is con-
stant across species and the exponent is therefore 0. Skeletal
mass increases out of proportion with body mass in order to
withstand the increased static load, locomotive stresses and
impact forces generated and received by larger animals. In this
case, the exponent is greater than 1 (see Schmidt-Nielsen,
1984 for overview).

The value of the exponent for whole body metabolic rate
was originally calculated by Max Kleiber in 1932 to be 0.74
(Kleiber, 1932). A few years later, Brody et al. published their
famous mouse to elephant curve and calculated the exponent
to be 0.734 (Brody, 1945). A value of 0.75 is now accepted
because it is easier to use, and the difference from 0.734 is
considered to be statistically negligible (Schmidt-Nielsen,
1984). However, it should be noted that exponents in the
range 0.6-0.8 have been reported for metabolic rate (Agutter
and Wheatley, 2004). A value of 0.75 means that the whole
body metabolic rate increases as body weight increases, but to
a lesser extent than would be expected of a simple propor-
tional relationship. It follows on from this that the specific
metabolic rate (the metabolic rate per unit mass) decreases as
animals get larger (the exponent is —0.25); the metabolic rate
of 1 g blue whale tissue is 1000 times less than that of 1 g
shrew tissue (Kirkwood, 1983).

Metabolic rate, physiological time and the fractal
origin of scaling

The decrease in specific metabolic rate discussed above forms
part of a wider phenomenon: how the meaning of time
changes with animal size. Time can be regarded in one of two
ways. The first is time as absolute, universal and above nature.
This is the classical Newtonian view that we are most familiar
with, represented by chronological time. The second view,
first proposed by Meyen, is that time is related to variability
and change, and that each self-contained system has its own
time defined by specific events that occur within that system.
Psychological time is an example of this, and we have an
intuition of the concept in that time seems to flow faster
when we are busy than when we are doing nothing in a
waiting room, for example.

Both concepts of time are important to the study of biology.
Of particular relevance to issues surrounding drug dosing is
the fact that, as a result of their evolutionary adaptation to
size, all the physiological processes of a larger animal are
slower than those of a smaller animal (heart rate, respiration
rate, movement, etc.). For example, the heart rate of an
elephant is 30 beats per minute whereas that of a shrew is
1000 beats per minute. However, if one were to count the
number of heartbeats or respirations a shrew and an elephant
get through during their average lifespan, these turn out to be
roughly the same (approximately 200 million breaths and 800
million heartbeats) (Schmidt-Nielsen, 1984).

The perspective of Meyen has given rise to the concept of
physiological time in which time is defined by, for example, the
number of heartbeats or the number of respirations an animal
will have in its lifespan (Brody, 1945; Hill, 1950). Using the
above example, we can see that the elephant and the shrew
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live an equivalent amount of physiological time. The differ-
ence in lifespan is seen only in chronological time; elephants
live at a slower pace and get through their ‘allotted’ heartbeats
and respirations later than a shrew. Their lifespan in chrono-
logical time is therefore longer than a shrew’s. This example
illustrates that physiological time relative to chronological
time is unique for each animal species and increases as
the size of the animal increases. As Boxenbaum put it,
‘physiological time may be defined as a species-dependent
unit of chronological time required to complete a species-
independent physiological event’ (Boxenbaum, 1982) .This
concept is reflected by the fact that the rates of a wide range
of physiological processes are related to body size with expo-
nents equal or close to the value —0.25 (Edwards, 1975;
Schmidt-Nielsen, 1984). However, out of all of these, the
specific metabolic rate is the most important index of the pace
of an animal’s life, and therefore of what the physiological
time for that animal is relative to chronological time
(Schmidt-Nielsen, 1984). This means that specific metabolic
rate provides an index of how the rates of all the physiological
processes involved in drug absorption, distribution, metabo-
lism and excretion scale across species.

In 1997, West etal. proposed an elegant model that
explains the origin of these scaling effects. All living things
supply nutrients to the cells through a linear, space-filling
branching network of vessels designed to limit the energy
expended in transport (West efal., 1997). As organisms
become larger, the transport distances and the number of cells
increases, but the size of the individual cells remains the
same. The structure of the transport network is found to
conform to a fractal branching network. A fractal, as described
by Mandelbrot, is ‘a rough or fragmented geometric shape
that can be split into parts, each of which is (at least approxi-
mately) a reduced-size copy of the whole’ (Mandelbrot, 1982).
Fractals can be observed throughout nature and are seen from
the very small scale of atoms and molecules to the very large
scale of galaxies. The property of self-similarity, such as exhib-
ited by snowflakes or Russian dolls, is a key feature of fractals
and is exhibited by biological transport systems such as
the vascular tree. In the model proposed by West et al., the
quarter power scaling emerges mathematically from the
fractal and space-filling natures of the transport network and
the invariant nature of the units supplied by that network.
The implications of this are the following. The scaling rela-
tionships emerge from evolutionary adaptations that have
enabled animals of all sizes to transport, utilize and disperse
energy while conserving the same metabolic machinery and
conforming to fundamental physical laws over which evolu-
tion has no power. These adaptations cause each animal
species to have its own physiological time, and this is the
effect that scaling accounts for.

Inter-species differences in the
pharmacokinetic phase

The elimination of a drug from the bloodstream can exhibit
first-order or zero-order Kinetics. In first-order Kinetics, a con-
stant proportion of drug is eliminated per unit time, whereas
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in zero-order kinetics, a constant amount of drug is elimi-
nated per unit time. The clearance of a drug is the volume of
plasma from which the drug is completely eliminated per unit
time; for first-order kinetics, the amount eliminated is pro-
portional to the initial concentration. For zero-order kinetics,
the amount eliminated is constant and is independent of the
initial concentration. The volume of distribution (Vy) is the
ratio of the amount of drug in the body and the concentra-
tion of the drug in the plasma; Vy is an index of drug distri-
bution and is high for drugs that distribute extensively into
the tissues. The elimination half-life of the drug is the time
taken for the plasma concentration to reduce by 50%. Each of
these parameters has been considered when accounting for
inter-species pharmacokinetic differences, but, as discussed
below, clearance has received the most attention.

Species differences in the pharmacokinetic phase have been
extensively studied. The absorption of drugs is influenced by
the physicochemical properties of the drug, which determine
its membrane permeability (ionization constant, molecular
size, solubility and lipophilicity) and physiological factors
(pH, gastric and intestinal transit time, blood flow rate and
first pass metabolism). The membrane permeability of a drug
is a property unaffected by size and stays relatively constant
across species. However, there are exceptions to this rule; the
absorption of lipophilic compounds is greater in dogs than in
other species for example (Clark and Smith, 1984). Inter-
species differences in oral bioavailability typically arise as a
result of differences in first pass metabolism in the gut and
liver (Clark and Smith, 1984; Lin, 1998).

The rate of drug distribution is determined by blood flow
and the rate of diffusion and/or transport to the target cells.
Because circulation time and blood flow scale allometrically
with increased body size, smaller animals would be expected
to distribute drugs to their targets faster. Also, because of the
increased blood flow to the liver and kidneys, smaller animals
would be expected to eliminate the drugs faster. If the drug is
a high-clearance drug, the effect of size will be accentuated.
Based on these principles, one would expect that a high-
clearance drug that is eliminated primarily by renal excretion
and/or flow-limited hepatic elimination would be amenable
to allometric scaling of its clearance and dose. Flow-limited
metabolism refers to a situation in which the extraction and
metabolism of a drug by the liver is both high and efficient, so
that the major limiting factor on the rate of drug metabolism
is the rate at which the drug is delivered to the liver.

Protein binding of drugs prevents their diffusion across
barrier membranes and therefore restricts the distribution of
drugs to their sites of action and excretion. It is well estab-
lished that drug-protein binding varies considerably between
species as a result of differences in the drug affinity and
number of protein-binding sites (Callan and Sunderman,
1973). This variation in protein binding is unrelated to size
and difficult to predict, so one would not expect the clearance
of drugs that exhibit high protein binding to be amenable to
straightforward scaling; however, correction for protein
binding in these instances greatly increases the accuracy of
the scaling. Diffusion of drugs across barrier membranes is
also counteracted by the action of efflux transporters such as
P-glycoprotein. Drug transporters such as P-glycoprotein con-
tribute to the distribution of drugs into tissues and across
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barrier membranes and can therefore influence the extent and
pattern of drug distribution. At present, very little informa-
tion is available on inter-species differences in drug trans-
porter activity, and so it is not possible to assess their impact
on dose extrapolation. However, the volume of distribution, a
measure of the overall extent of drug distribution, has been
found to be amenable to allometric scaling; the exponents
range from 0.8 to 1.10 (Mahmood, 2007).

One of the key factors to account for during inter-species
dose extrapolation is drug metabolism. Despite the presence
of the same fundamental biochemical machinery, different
species have their own unique characteristics and differ in
their ability to metabolize drugs. Some of the differences are
marked. Cats lack glucuronidation whereas humans exhibit
efficient glucuronidation. Dogs lack acetylation whereas rats
are highly efficient acetylators and humans are intermediate
between the two. Pigs lack sulphation (Van Miert, 1989;
Riviere et al., 1997). Other differences are more complex. The
most important group of drug metabolism enzymes is the
cytochrome P450 system (CYPs) which mediates the hepatic
metabolism of a diverse range of compounds. At least 57 CYP
genes have been identified based on information from the
human genome project (Guengerich, 2008), all of which have
evolved from a single ancestral gene over the past 1.36 billion
years (Nelson et al., 1996). There are considerable variations
in the primary sequences of CYPs between species, and even
a small change in the sequence can produce a profound
change in substrate specificity. Similar differences are
observed with other drug-metabolizing enzyme systems. The
uridine diphosphate glycosyltransferases, which mediate glu-
curonidation, show complex differences in their profile and,
as already mentioned, are absent in dogs (Resetar and Spector,
1989; Clarke and Burchell, 1994). In addition, species differ-
ences have emerged in the mechanisms by which drug
metabolizing enzymes are induced and inhibited (Lin, 1998).
Some of the differences in drug metabolism and drug trans-
port can now be understood by the species differences in the
drug activation of nuclear receptors, such as constitutive
androstane receptor (CAR) and the pregnane X receptor
(PXR), which regulate the expression of various drug-
metabolizing enzymes and drug transporters (Stanley et al.,
2006). This means that there are complex inter-species differ-
ences in drug metabolism and metabolite profiles that are
extremely difficult to predict and account for. The situation is
further complicated by the fact that metabolites can also be
biologically active and must be accounted for when extrapo-
lating the dose. The literature abounds with examples of these
differences (Smith, 1997; Lin, 1998). Overall, inter-species
differences in drug metabolism systems are not related to size,
so one would not expect extensively metabolized drugs to be
amenable to allometric scaling of their clearance or dose.

The elimination of drugs and their metabolites usually
occurs as a result of biotransformation followed by renal
and/or biliary excretion. Compounds with molecular weights
exceeding 500, with amphipathic structures (structures con-
taining polar and non-polar groups) or which undergo con-
jugation reactions tend to be excreted in the bile. Species
differences exist in the biliary excretion rate; humans, pri-
mates, guinea pigs and rabbits are poor biliary excreters
whereas mice, rats and dogs are good biliary excreters and cats



are intermediate (Lin, 1998). These differences are not related
to blood or biliary flow. It is now known that biliary excretion
is mediated by several ATP-binding cassette transmembrane
transporters including the multi-drug resistance proteins,
P-glycoprotein, breast cancer-related protein and the canali-
cular multi-specific organic anion transporter (Muller and
Jansen, 1997;Ishizuka et al., 1999; Leslie et al., 2005). Recent
studies indicate that inter-species differences exist in the
activity and regulation of these transporters, just as they do
for the metabolizing enzymes, which accounts for species
differences in biliary excretion (Bleasby et al., 2006; Nozaki
et al., 2007). By contrast, renal excretion of drugs is related
primarily to the glomerular filtration rate and the number of
nephrons, both of which scale allometrically. The tubular
secretion and reabsorption of the drug will also affect excre-
tion. Renal secretion is dependent on renal blood flow but
also on the activity of transporters in the proximal tubule; the
latter is size-independent and may complicate attempts to
scale clearance. Overall, one would expect that drugs that
primarily undergo renal excretion would be amenable to allo-
metric scaling whereas drugs that undergo biliary excretion,
or a combination of biliary and renal excretion, would not be.
Furthermore, drugs that undergo extensive renal secretion
may also be less amenable to allometric scaling.

The impact of inter-species differences in pharmacokinetics
is illustrated by the study of Rivere et al. (Riviere et al., 1997).
In this study, pharmacokinetic data stored in the Food Animal
Residue Avoidance Databank were used to examine how the
plasma half-lives of 44 candidate drugs scaled as a function of
body size. Only 11 of the drugs examined were amenable to
allometric scaling. It should be noted that plasma half-life is
known to scale less perfectly than volume of distribution and
clearance, but this does not affect the key observations of this
study. Most of the drugs that did scale allometrically were
antibiotics. This is not surprising, as these drugs are usually
not extensively metabolized and are renally excreted. Further-
more, their efficacy is determined by the concentration
achieved in the extracellular fluid, so pharmacodynamic dif-
ferences do not occur. Antibiotics are therefore the ‘ideal’
drugs for allometric scaling.

Inter-species differences in the
pharmacodynamic phase

Just as the drug transport and metabolizing systems vary
among species, so do the target cells and systems of the drugs
and their active metabolites. These produce differences in the
pharmacodynamic response by producing shifts in the dose—
response relationship and also changes in the nature of the
response. For example, the process of anaphylaxis is not
uniform across species because of inter-species differences in
the structure and function of the immune system: the media-
tors released by mast cells, and the tissue distribution of their
receptors, vary between species. The clinical presentation is
profoundly affected by these differences. Anaphylaxis targets
the lung and vasculature in humans but targets the intestine
and the liver in rats. Far from altering the dose of the drug,
this even influences the choice of the drug. Antihistamines
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would be effective in humans, guinea pigs and dogs, but
ineffective in cattle (Aitken, 1983; Haley, 2003). In another
well-known example, differences in the CNS distribution of
neurotransmitters cause differences in the response to anal-
gesics and anaesthetics; opioid analgesics induce CNS depres-
sion in primates, dogs, rats and rabbits, but induce CNS
excitation in horses, cats, ruminants and swine (Aitken,
1983). Indeed, species differences in the expression levels,
tissue distribution and regulation of receptors exist for most
of the receptor subtypes for which they have been investi-
gated (Aitken, 1983; Crozatier etal., 1991; Smith 1997;
LeCluyse and Rowlands, 2007).

Differences in receptor affinity also exist between species. A
good example is provided by the Na/K* ATPase transporter,
the target of cardiac glycosides. The sensitivity of the dog,
sheep and human transporters is one thousand times greater
than their counterparts in mice and rats, and these profound
differences arise as a result of differences in two amino acids
(Tobin and Brody, 1972; Price and Lingrel, 1988). This
example illustrates that amino acid substitutions in drug
targets can have more profound effects on the pharmacody-
namic phase than on the pharmacokinetic phase. These
differences in gene regulation, expression patterns and
responsiveness reflect and create inter-species differences in
feedback regulatory circuits from the level of gene transcrip-
tion networks to entire systems (Woodman, 1997; Shi et al.,
1999; Hollenberg, 2000). Again, species differences have been
found in almost every system, at every level of organization,
in which they have been looked for. The pharmacodynamic
phase is therefore as important to account for as the pharma-
cokinetic phase, and inter-species differences in the pharma-
codynamic phase are the result of the unique characteristics
conferred by evolution to each species and therefore unre-
lated to size. Drugs subject to marked pharmacodynamic dif-
ferences would not be expected to be amenable to scaling,
and pharmacodynamic differences will, in some cases, influ-
ence the choice of drug as well as the dose. Scaling in this
situation can be improved by introducing adjustment factors.
For example, if receptor affinity differs between species, the
dose-response curve can be adjusted to account for the
difference.

Estimation of the first-in-human dose

There is no consensus on the best method for selecting a first
dose in humans. In a recent review, Lowe et al. provided an
overview of the approach used at Novartis to derive the first in
human dose (Lowe et al., 2007); the pharmacodynamics of
the drug in animals are worked out first, followed by the
pharmacokinetics. Each is then extrapolated to humans and
finally integrated to predict the exposure-response relation-
ship and arrive at a dose. Because pharmacodynamic differ-
ences are size-independent, the major contribution of
allometric scaling to this process is in the extrapolation of
pharmacokinetic parameters from animals to humans.

A limited number of surveys have been conducted to deter-
mine which methods of dose estimation are currently used.
These indicate that the ‘dose-by-factor’ approach and the
‘Pharmacokinetically guided” approach, which are described
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below, are the most commonly applied in the planning of
Phase 1 studies (Blackwell and Martz, 1972; Reigner and
Blesch, 2002). Both of these approaches rely on allometric
scaling either of the dose itself or of drug clearance. For a
detailed discussion of the application of allometry to pharma-
cokinetics, the reader is referred to several recent reviews
(Lowe et al., 2007; Mahmood, 2007; Edginton et al., 2008).
Several caveats apply to the use of allometry to predict phar-
macokinetics (Lindstedt and Schaeffer, 2002). The allometric
equations should be applied among species, not within
species, and derived from species whose weight differs by at
least three orders of magnitude (Calder, 1981). Better scaling
is obtained when three or more species are used to derive the
allometric equation. There are several sources of error in the
derivation of allometric exponents. Measurement and ana-
lytical errors can be minimized by rigorous assessment of the
assays and consistent sampling protocols; alternative assays
may be considered to verify that the exponent is not unduly
influenced by the choice of assay. Species differences that are
size-independent will also influence the exponent. If this
effect is pronounced, the dose extrapolation is best performed
by using an alternative approach such as pharmacokinetic/
pharmacodynamic (PKPD) modelling. Physicochemical prop-
erties of drugs determine the extent to which they are
absorbed and the pattern of their distribution; neglecting
these effects introduces error into the dose extrapolation,
which prompted Wajima et al. to develop a prediction model
to account for physicochemical properties (Wajima et al.,
2002).

The dose-by-factor approach

In the ‘dose-by-factor’ approach, the ‘no-observed adverse
effect level’ (NOAEL) of the drug is scaled by using simple
allometry on the basis of body surface area to obtain the
‘human-equivalent dose’ (HED) (USFDA, 2005). The Food
and Drug Administration of the United States (FDA) has for-
mulated a table of conversion factors that allow the HED to
be conveniently calculated by multiplying the NOAEL by
the conversion factor (USFDA, 2005) (see Table 1). Note that
the main application of this table is to calculate the HED. In
order to account for the size-independent effects of pharma-
cokinetics and pharmacodynamics discussed above, the HED
is divided by a safety factor. The default safety factor is 10,
although this value does not have a firm scientific basis and
several other values have been advocated for specific situa-
tions (Bokkers and Slob, 2007; USFDA, 2005). Recent
attempts have been made to derive a data-based safety factor
from toxicity data in animals, but this work is still ongoing
(Bokkers and Slob, 2007). This approach has a good safety
record because it is very conservative, and its simplicity
makes it very practical and easy to apply. However, the use
of this approach assumes that the drug shows similar phar-
macokinetics and pharmacodynamics in both species. If
these assumptions are not valid, this approach is prone to
underestimate the effective dose, meaning that numerous
dose escalations are required to find the therapeutic
range and demonstrate efficacy (Reigner and Blesch,
2002).
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Table 1 Conversion of animal doses to human-equivalent doses
(HEDs) by using the exponent 0.67 for body surface area

Species HED from mg-kg™' HED from mg-kg™'
dose in animal dose in animal
divide animal dose by multiply animal dose by
Mouse 12.3 0.081
Hamster 7.4 0.135
Rat 6.2 0.162
Ferret 53 0.189
Guinea pig 4.6 0.216
Rabbit 3.1 0.324
Dog 1.8 0.541
Monkey 3.1 0.324
Marmoset 6.2 0.162
Squirrel monkey 53 0.189
Baboon 1.8 0.541
Micro-pig 1.4 0.730
Mini-pig 1.1 0.946

Data obtained from FDA draft guidelines (USFDA, 2005).

The FDA approach uses the exponent for body surface area,
0.67, to scale doses between species. This practice was tradi-
tionally rationalized as a means of accounting for differences
in metabolic rate. The link between body surface area and
metabolic rate, as discussed above, is the evolutionary adap-
tation of animals to their size, so body surface area is an
indirect and imperfect correlate of metabolic rate. There has
been debate in the literature about whether the exponent
0.75 would be more appropriate to account for metabolic
rate/physiological time (0.75 is the exponent used in veteri-
nary practice). Indeed, better scaling of doses has been dem-
onstrated with the use of the 0.75 exponent (Rennen et al.,
2001). On a conceptual level it is more logical to use the
exponent that directly accounts for differences in physiologi-
cal time, rather than an imperfect correlate of metabolic rate,
and the proposed fractal origin of the scaling relationship also
supports 0.75 as the proper exponent to use (West and Brown,
2005). The justification for using 0.67 is safety related; it
provides a more conservative dose estimate.

Example of the dose-by-factor approach

The most sensitive species for a particular drug is the rat, with
a NOAEL of 15 mg-kg'-day . To calculate the HED according
to the FDA guidelines:

HED = animal mg-kg™ dose x (animal weight kg/human
weight kg)** =15 x(0.35/60)*** = 3.4 mg-kg-day "

Assuming the human weight to be 60 kg, the HED is
206 mg-day™. Applying a safety factor of 10, the starting dose
in humans is 20.6 mg, so a dose of 20 mg-day" would be
selected.

Pharmacokinetically guided dose extrapolation

The second approach, which is being increasingly used, is the
‘Pharmacokinetically guided approach’. In this approach the



NOAEL and its area under the curve are determined in several
animal species, and the animal species that gives the lowest
NOAEL is used as the index species for scaling. The area under
the curve gives a measure of systemic exposure to the drug
with a time dimension. Next, the clearance of the drug in the
index species is scaled allometrically to obtain the estimated
clearance in humans, and the starting dose is given by the
product of the area under the curve in the index species and
the estimated clearance in humans (Bonate and Howard,
2000; Reigner and Blesch, 2002). This method is also safe and
has the advantage of accounting for preclinical pharmacoki-
netic data. Its use assumes that the pharmacokinetic param-
eters are linear, and that only the parent compound is active;
the method must be adjusted if these assumptions are not
valid. A limitation of this approach is the inability of the
method to account for inter-species differences in drug
potency. However, these can be controlled for by the
introduction of a safety factor similar to that used in the
‘dose-by-factor’ approach. The key limitation of the method is
the extent to which the pharmacokinetic parameters of the
drug in humans can be accurately predicted. It is therefore
important to consider the various methods available to esti-
mate drug pharmacokinetics in humans.

Estimating clearance using the rule of exponents

Clearance is the most important pharmacokinetic parameter.
It can be predicted by simple allometry alone, but it has been
found that the ability of simple allometry to predict clearance
in humans can be improved in certain situations by multiply-
ing the clearance by the animal’s maximum lifespan potential
(MLP) or brain weight. It is unclear whether this improved
predictive power has any physiological significance or is
merely a convenient mathematical happenstance. To help
choose the most appropriate of these methods, Mahmood
and Balian developed the ‘Rule of Exponents’ (Mahmood and
Balian, 1996). In this approach, the clearance of the drug is
measured in a range of animal species, and an exponent can
be derived by simple allometry. If the value of the exponent is
in the range 0.55-0.70, the clearance in humans is best pre-
dicted by simple allometry. When the exponent is 0.71-0.99,
the product of clearance and MLP best predicts clearance in
humans. When the exponent is greater than 1, the product of
clearance and brain weight best predicts clearance, although
clearance is likely to be underestimated when the exponent
rises above 1.3. Conversely, the clearance is likely to be over-
estimated when the exponent falls below 0.55. A disadvan-
tage of the rule of exponents is that the correction factors
depend on the species used, which can interfere with the
accuracy of the prediction (Tang and Mayersohn, 2005a).
However, the accuracy of the Rule of Exponents can be
improved when it is combined with other approaches such as
protein-binding correction.

In extreme cases, the clearance can be overestimated by
many degrees of magnitude; diazepam, warfarin and valproic
acid have predicted clearances (by simple allometry) that are
many times greater than their actual clearance in humans.
This phenomenon has been named ‘vertical allometry’ and
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highlights the extreme inaccuracies to which allometric
scaling can be subject (Calder, 1984).

Estimating clearance by correction for
protein binding

Because protein binding restricts the glomerular filtration of
the drug, better scaling is obtained by considering the
unbound fraction (fu). In the approach developed by Feng
et al. (2000), better prediction of human clearance of 37 drugs
was obtained by measuring the clearance of the unbound
drug fraction and correcting the estimated clearance using
brain weight. This result was confirmed by Sinha et al. in an
examination of 24 compounds; the rule of exponents pro-
vided a more accurate prediction of clearance when combined
with the fu correction method (Sinha et al., 2008). Tang and
Mayersohn recently reported the ‘fu-corrected intecept
method’, an alternative two-species scaling approach that
uses the allometric exponent of clearance and the ratio of fu
between rats and humans (Tang and Mayersohn, 2005b). The
latter approach has the advantage of accounting for vertical
allometry, but it is limited to scaling between rats and
humans. The advantage of the fu correction method of Tang
and Mayersohn is that it can be used to correct for protein
binding between any species of interest, and that it obeys
the general principle of using at least three species to scale
clearance.

Estimating clearance by measurement of intrinsic
clearance in vitro

In recent years, there has been increased interest in the use of
in vitro data to improve prediction of in vivo clearance in
humans. In this approach, the intrinsic clearance (the rate at
which a drug can be removed from the blood by the liver
when all confounding influences are absent) of a drug of
interest is measured in vitro in human and animal hepato-
cytes. The intrinsic clearances of the drug in vitro are then
integrated with in vivo animal data to predict in vivo clearance
in humans (Lave et al., 1997; Lin, 1998). As with any extrapo-
lation method, the use of in vitro metabolic data has failed to
predict in vivo metabolic clearance in some cases (Lin, 1998;
Mahmood, 2007). The reasons for this are unclear, but a
number of factors could explain the discrepancies. Problems
with the design and execution of the in vitro measurements
are a major source of error, as is the choice of in vitro model
(microsomes, recombinant enzymes and hepatocytes). In
addition, this method estimates hepatic metabolic clearance
and can only be applied to drugs for which this is the major
route of elimination. Finally, even when accurate, the method
would not be expected to be advantageous over other allom-
etric approaches if the hepatic metabolism of the drug is
purely flow-limited. A disadvantage of the method is that it is
labour-intensive and time-consuming, because in vitro clear-
ance must be measured in hepatocytes and/or microsomes
from several species. However, there is the clear advantage
of accounting for inter-species differences in hepatic
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metabolism. Further studies are required to establish the utility
of this method, but it represents a promising new direction.

Estimating clearance by accounting for
physicochemical drug properties

Wajima et al. developed an innovative new method of clear-
ance extrapolation by taking a ‘molecule-centric’ approach to
scaling. The underlying basis of this approach is the idea that
the clearance of a drug is partly determined by its own prop-
erties (molecular weight, partition coefficient, number of
hydrogen bond acceptors). Full validation of this method is
awaited (Wajima et al., 2002).

Estimating clearance by accounting for
physiological time: the Dedrick plot

It is possible to account for species differences in physiological
time by transforming the time axis of the concentration time
profile from Newtonian chronological time to a unit of physi-
ological ‘species-invariant time’. If species differences in the
concentration time profile are largely or solely due to differ-
ences in physiological time, correcting for physiological time
should make the concentration time profiles from different
species superimposable. This approach was first employed by
Dedrick (Dedrick et al., 1970), who found that correcting for
physiological time made the concentration-time profiles of
methotrexate in five mammalian species superimposable.
Several methods for carrying out this correction now exist.
The simplest approach, referred to as the species invariant
time method, is to adjust the time axis by using the allometric
exponent 0.25. In the elementary Dedrick plot, the adjust-
ment is made based on the allometric exponent of clearance
derived from at least three species. In the complex Dedrick
plot, the adjustment is made based on the allometric expo-
nents of both clearance and volume of distribution. The most
advanced approach is to generate a species invariant unit of
time called the dienetichron, which involves adjusting for the
allometric exponents of clearance and volume of distribution
and for the MLP of the species of interest. The Dedrick plots
are superior to the species invariant time approach because
they use exponents derived from pharmacokinetic data. The
advantage of Dedrick plots is that they can be used to scale
concentration-time profiles, and are therefore useful when
scaling of clearance or volume of distribution alone has
produced inaccurate predictions.

Estimating clearance using physiologically based
pharmacokinetic modelling

An alternative to allometric scaling is provided by physiologi-
cally based pharmacokinetic (PBPK) modelling. The advan-
tage of this approach is that it allows doses to be scaled
between species and within the same species based on real
physiological data. The tissues of the organism of interest are
represented as a series of compartments, and physiological
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data are used to create mathematical descriptions of the flow
scheme for a particular drug in a particular species. The model
is validated and refined by testing its predictions against
experimental data. Once the model is able to make accurate
predictions in the index species, the model can be used to
predict the pharmacokinetics of the drug in another species
by inputting the physiological data for that species. Studies
comparing PBPK with allometric scaling are scarce. In a
retrospective analysis of 19 compounds developed by
Hoffmann-La Roche, better prediction of pharmacokinetic
parameters was obtained when PBPK was used (Jones et al.,
2006). However, the clear advantage of PBPK is that it pro-
vides a method of dose extrapolation with a mechanistic basis
and a more comprehensive description of the pharmacokinet-
ics; size-independent differences such as drug metabolism
can be accounted for. PBPK can also be used to extrapolate
between administration routes. A disadvantage of PBPK is its
accessibility; it requires an advanced understanding of phar-
macokinetics from the user. Furthermore, large amounts of
experimental data are required to develop and refine the
models. PBPK does not account for pharmacodynamic
differences, but PBPK approaches can be integrated with
pharmacodynamic modelling to improve the dose estimate
(see Toutain, 2002 for review).

It is worth considering the range of applications to which
PBPK can be put. In addition to its use as a tool to predict
pharmacokinetic parameters between species, PBPK is also
used within the same species to predict the effects of age,
gender, obesity and various disease states (e.g. liver cirrhosis)
on pharmacokinetic parameters (see Edginton et al., 2008 for
review). PBPK can therefore be used to guide dose selection
throughout the phases of clinical drug development. On a
population level, PBPK is used to predict inter-individual vari-
ability and reduce the need for extensive population pharma-
cokinetic studies; these models vary in complexity, from
those that consider clearance alone to those that include all of
the underlying components of the system (Price et al., 2003;
Yang et al., 2006; Willmann et al., 2007). PBPK can also be
used to study the mechanism of pharmacokinetic patterns, an
application that has received sparse attention (Peters,
2008a,b; Peters and Hultin, 2008); in this application, the
parameters of the model are varied to see which combinations
of parameters replicate the experimental data. Hypotheses
can be generated by examining the compartment affected and
the magnitude and direction of the change. For example, the
observed pattern may be replicated by increasing gastric
emptying time or by decreasing hepatic metabolism.

A more advanced approach, employed to predict the
human dose-response relationship, is to combine pharmaco-
kinetic and pharmacodynamic models to generate response—
time profiles for proposed dosing regimens (PKPD modelling)
(Lowe et al., 2007). These modelling approaches will provide
information on the degree of receptor occupancy or biomar-
ker change that can be achieved by a particular dose as a
function of time; the investigator must then consider how
much receptor occupancy or biomarker change is likely to be
required to produce a therapeutic effect. Toxicity is more
difficult to predict from PKPD models because its mechanisms
are often unanticipated, and is therefore accounted for by
deriving a NOAEL from toxicological studies in animals.



Estimating the volume of distribution

The volume of distribution depends on the plasma volume
and the distribution of the drug between the plasma and
tissues, represented by the partition coefficient. As discussed
above, the distribution of a drug into tissues is determined by
its own lipid solubility and protein binding, which arise from
its own physicochemical properties. It is therefore possible to
predict the distribution of a drug by using in silico modelling
approaches that take into account the physicochemical prop-
erties of the drug (molecular weight, lipophilicity, ionization
constant, polar surface area, number of hydrogen bond
donors), the partition coefficient and protein binding of the
drug, and the known protein and lipid compositions of the
target tissues (Poulin and Theil, 2002a,b; Lowe et al., 2007).
These models assume that the distribution of the drug is
homogenous and mediated by diffusion alone and neglect the
effects of active transport and changes in membrane perme-
ability. If the results of the in silico modelling agree with the
results of pharmacokinetic studies in two or more species, the
in silico model can be used to predict the volume of distribu-
tion in humans without the need for scaling (Lowe et al.,
2007). If the data disagree with the prediction, then the
volume of distribution must be extrapolated using in vivo
data. Multiple species scaling of the volume of distribution
can be performed, although the results are typically less accu-
rate than are obtained by scaling clearance (Lowe et al., 2007;
Mahmood, 2007). Deriving both the volume of distribution
and the clearance can improve accuracy by generating a pre-
dicted concentration-time profile in humans. Alternatively, a
Dedrick plot can be used to adjust the concentration-time
profile for differences in physiological time and derive a
volume of distribution (Khor etal., 1997). Differences
in membrane permeability and active transport can be
investigated and accounted for by using PBPK models.

Example of the pharmacokinetically
guided approach

The area under the curve obtained at the NOAEL for a par-
ticular drug is 23.5 ug-h'-mL™" in rats. The predicted clearance
in humans is 20.0 L-h™'. The starting dose is given by the
equation:

Starting dose
= AUC in index species x estimated clearance in human
=23.5xh-mL7'x20 =470 mg

A suitable safety factor should also be applied. If a factor of
10 is used, the starting dose is 47 mg.

Other approaches

If the drug to be tested is in the same class as another drug
that is already being used in humans, and if the pharmacoki-
netics and pharmacodynamics of both drugs are the same or
very similar, the starting dose in humans can be estimated by
the ‘similar drug’ approach (Blackwell and Martz, 1972). In
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this approach, it is assumed that the ratio of the starting dose
to the NOAEL will be the same for both compounds. The
optimal starting dose of the index drug is defined as a single
dose that produces no pharmacodynamic response of any
kind, including, by definition, toxic effects. More recently, it
has been suggested that the dose-by-factor, pharmacokineti-
cally guided and, if relevant, the similar-dose approaches
should be all used to derive several candidate doses that
can then be critically assessed for their relative merits and
drawbacks (Reigner and Blesch, 2002).

An example of the similar-dose approach

Drug X, a compound never tested in humans, belongs to the
same class as drug A, which is licensed for use in humans.
Preclinical toxicological studies revealed that the most sensi-
tive species was rats with a NOAEL of 2 mg-kg'-day'. The
optimal starting dose of drug A is 30 mg-kg'-day' and the
NOAEL of drug A in rats was 14 mg-kg'-day'. The similar
drug approach uses the equation:

Dose of Drug X/NOAEL of Drug X = Dose of Drug A/
NOAEL of Drug A
< Dose of drug X = (Dose of Drug A x NOAEL of Drug X)/
NOAEL of Drug A
=10x2/14
=1.4 mg-kg™
=85 mgin a 60 kg human

A safety factor should also be applied. If a factor of 10 is
used, the starting dose will be 8.5 mg.

Deriving the first-in-human dose

As discussed above, the general approach recommended by
the USFDA guidelines is that a maximum recommended safe
dose (MRSD) be derived from a NOAEL in the most sensitive
species by allometric scaling of the dose using an exponent of
0.67, followed by the application of a safety factor (USFDA,
2005). This is the dose-by-factor approach, but pharmacoki-
netically guided approaches are being increasingly used.
When designing the first human trials, extra care must be
taken in the estimation of the dose, with a firm emphasis on
safety. The pharmacological, pharmacokinetic and toxicologi-
cal data are carefully examined by experts. The targets of the
drug, dose-response relationship, reversibility and exposure
must be determined in preclinical studies, and the human
exposure anticipated. It is important to consider how the
MRSD relates to the pharmacologically active dose; if it is far
below the MRSD, multiple dose escalations will be required to
arrive at the active dose. If it is above the MRSD, part of the
dose-response will be missed and there will be an increased
risk of toxicity. In the latter case, it is important to start with
a dose that is below the pharmacologically active dose. Phar-
macokinetically guided and combined PKPD approaches may
be more useful to predict the pharmacologically active dose
and alert the investigator to situations in which it is too far
above or below the MRSD. Because toxicological effects are
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difficult to predict, the minimum anticipated biological effect
level (MABEL) is a safer level to use, as it is the lowest dose that
produces a biological effect of any kind (ESG, 2006). The initial
dose should be determined by either the MABEL or MRSD,
whichever is lower, and dose escalation can then be deter-
mined from predictions of the pharmacologically active dose.

Dose extrapolation for biologicals

Biotechnologically derived drugs (proteins, peptides, antibod-
ies, antibody fragments, antisense oligonucleotides, DNA for
gene therapy) are receiving increasing interest as potential
therapeutic agents. The pharmacokinetics and pharmacody-
namics of these compounds differ from those of the smaller
organic molecules with which we have more extensive expe-
rience. Peptides and proteins cannot pass biological mem-
branes easily, and are therefore confined to the extracellular
space. Their volumes of distribution are therefore small, and
scale easily. Significant protein binding can occur with some
biotech agents, and this should be corrected for when scaling.
Peptide and protein drugs can be degraded by proteolytic
enzymes that are present throughout the body, which can
alter their biological activity (Tang et al., 2004). The elimina-
tion of the peptides and proteins from the body can occur in
the kidney; following glomerular filtration, the proteins can
be reabsorbed into endocytic vesicles in the proximal tubules
and metabolized (the major route of elimination) or hydroly-
sed by brush border enzymes on the luminal membrane. A
small percentage of protein may also be eliminated by peri-
tubular extraction. The liver is also a site of elimination for
proteins, where they are internalized and broken down.
Finally, because many biological drugs are endogenous mol-
ecules, they can be eliminated by receptor-mediated endocy-
tosis in the target tissues. This gives rise to a phenomenon of
dose-dependent pharmacokinetics in which saturation of the
receptor reserve decreases the clearance (see Tang et al., 2004
for review). Overall, lower molecular weight proteins (e.g.
cytokines, calcitonin) are eliminated by the kidney or liver
and have short half-lives; larger molecular weight proteins
(e.g. I1gG) are not filtered by the glumeruli and undergo
metabolism following receptor-mediated endocytosis into the
liver, vascular endothelium or, for endogenous proteins, their
target tissues. IgG and albumin are endocytosed but are
rescued from degradation and recycled (Tang etal., 2004;
Lowe et al., 2007). Overall, the pharmacokinetics and indeed
the pharmacodynamics of the biological agent can be pre-
dicted from the natural form of the protein. Because protein
drugs undergo renal or flow-limited hepatic elimination, allo-
metric scaling for these drugs is often more accurate than for
smaller biomolecules. The USFDA guidelines recommend that
scaling for biological compounds should be done on a mg-kg™!
basis rather than surface area; this is the one situation in which
scaling doses based on weight is acceptable.

The crucial pitfall to avoid when scaling protein drugs is
target binding and receptor occupancy. A tragic example of
this is the case of TGN1412, a monoclonal antibody directed
against T lymphocytes, which produced multi-organ failure in
six healthy volunteers (ESG, 2006); this serious outcome led
to the introduction of the MABEL. The MRSD calculated by
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the conventional allometric approach was 0.1 mg-kg™'. When
receptor theory was used to investigate this dose, it was found
that 0.1 mg-kg™" would elicit greater than 90% receptor occu-
pancy. In this situation, not only was the pharmacodynamic
effect unacceptably high, producing a cytokine storm, but the
increased receptor occupancy could have altered the pharma-
cokinetics of the antibody by decreasing the clearance,
thereby further increasing the peak concentration of the anti-
body in the plasma and prolonging its effect. There are many
lessons to be learned from this tragedy, but an important
mechanistic lesson is that once receptor occupancy starts to
increase, the pharmacodynamic and pharmacokinetic
response to further dose escalations becomes non-linear; in
this situation, allometric scaling, which was used for
TGN1412, will not work. It is important to determine in
preclinical studies whether target binding occurs and, if so, a
MABEL must be derived by using models that account for
target binding. The MABEL is useful for protein drugs because
it defines a dose at which receptor occupancy is low.

Dosing in veterinary practice

Veterinarians are frequently faced with the need to estimate
doses in larger animal species. The same principles discussed
above for the derivation of human pharmacokinetic param-
eters also apply to scaling from small to large animals,
although this is an area of research that has received less
attention; data in large cats, camels and elephants are particu-
larly scarce. Although the same equations used to scale doses
from animals to humans can be used to scale from smaller to
larger animals, the extrapolation obtained is often less accu-
rate than for humans and further work is needed to refine the
approaches for this situation (Mahmood, 2007). For practical
reasons, simple allometry is widely used by veterinarians.
Established practice is to use the exponent 0.75, in contrast to
the exponent 0.67 that has historically been used in human
clinical practice, and to scale the dose and the dosing interval
separately as follows:

1. The reference dose in mg-kg™' is converted into the total
dose in mg (total dose = weight x dose in mg-kg'-day™)
and the interval format (interval = 24 h/dosing frequency).
Note that it is not the total daily dose that is calculated at
this step. If a drug is given at a dose of 10 mg-kg™' twice
daily, the values 10 mg and 12 h are scaled.

2. The metabolic size, measured by the minimum energy cost
(MEC), and the metabolic rate, measured by the minimum
energy cost per unit weight (SMEC), is then calculated
according to the equations:

MEC = kW%, SMEC = kW, %S

where W,, is the weight of the animal species and k is the
constant of proportionality, usually referred to as the
factor. MEC and SMEC are calculated for the subject species
and the reference species.

Veterinary formularies provide values for k for the major
groups of animals, and a particular k value should only be
used to scale between species belonging to the animal



group for which the k value was calculated. The reference
and subject species should therefore belong to the same
group.

3. The MEC dose is calculated from the index species by using
the equation:

MEC dose = treatment dose in index species/
MEC in index species

4. The treatment dose in the subject species is calculated by
using the equation:

Treatment Dose in subject species
=MEC dose x MEC in subject species

This is the total dose. The dose in mg-kg™ can be easily
derived.

5. The dosing interval is calculated from the SMEC. First, the
SMEC interval is calculated in the index species by using
the equation:

SMEC Interval in index species
= SMEC in index species x dosing interval in index species

The Treatment Interval in the subject species is obtained by
using the equation:

Treatment Interval in subject species
= SMEC interval in subject species/SMEC in subject species

Dosing in experimental studies

In selecting an appropriate dose for experimental studies,
investigators need to consider the same factors considered
during drug development, namely the dose-response rela-
tionship and pharmacokinetics. If one is interested in using a
clinically established drug as a pharmacological tool in
animals, it may be necessary to scale the dose from a larger to
a smaller species (e.g. humans to rats). The major focus of
research into scaling and converting doses has been on
scaling from smaller to larger species with an emphasis on
safety. It is less clear how scaling of, for example, a human
dose should be performed if one is interested in using a
clinically used drug for research purposes in a smaller species.
Although FDA conversion factors can easily be used to
convert doses from humans to animals and to convert doses
among animals, care must be taken to account for species
differences in pharmacokinetics and pharmacodynamics. It is
not clear what factor would be most appropriate to use for
this, as it is now a therapeutic dose that is being scaled, not a
NOAEL, and the effect of the adjustment factor would be to
increase the estimated dose. However, there may be a case for
using an adjustment factor in some instances. For example,
the dose of metoprolol in a rat converted from the human
dose using the FDA conversion factors is 10 mg-kg'-day™, and
doses in this range have been used in rodents. However, we
found that, for our studies, a dose of 75 mg-kg'-day' was
therapeutic in the rat, and doses as high as 250 mg-kg'-day™
have been reported (Maczewski and Mackiewicz, 2008;
Sharma et al., 2008), so an additional adjustment factor is
required to derive the dose in this case. Doses of established
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drugs used as pharmacological tools tend to be based on
previously published studies and adjusted empirically as
needed, so that scaling of the dose is not performed. However,
there are clear conceptual advantages to using the effective
dose of the drug in humans as a starting point. Further
research is needed to develop a strategy for scaling clinical
doses to smaller animals so that the time and resources spent
optimizing the dose are minimized.

Dosing in children and the elderly

Physiological and biochemical differences can be just as
marked within the same species as they are among species.
The most striking example is the difference between children
and adults. Some of these differences may be related to size
during the neonatal period to adulthood, but many are not.
The physiological and biochemical processes involved in drug
pharmacokinetics mature significantly during paediatric
development, resulting in increased or decreased drug clear-
ance depending on the drug (Kearns et al., 2003; Rodriguez
et al., 2008). The differences are, unsurprisingly, particularly
extreme when considering the dosing of children younger
than 18 months. In the neonatal period, the biochemical
machinery is immature, and renal clearance is 50% of the
adult value (adult clearance values are reached by 6 months).
Furthermore, the total body water, a key determinant of the
volume of distribution, is higher in neonates, starting at 80%
in neonates and gradually declining to 60% by 1 year of age
(the adult value is 55%). The drug metabolism systems of the
body develop from birth to adulthood. Some CYP enzymes
are expressed in the fetal liver and become down-regulated
during development, some are only expressed within hours of
birth, and some are expressed later in development. Glucu-
ronidation is reduced in the neonate, reaching adult levels by
approximately 3 years of age. Overall, drug metabolism is
impaired in the first few months of life, but this gives way to
a period of enhanced drug metabolism from 2 to 10 years in
which drug metabolism is increased (see Johnson, 2003 for
review). Pharmacodynamic differences also exist, but are
extremely difficult to assess in the paediatric setting and
information is therefore scarce.

The use of unlicensed medications in children is an increas-
ing problem internationally, which has fuelled an increase in
the incidence of adverse drug reactions. Regulatory authori-
ties will currently not permit a dose regimen to be recom-
mended in children without information on exposure and
efficacy, and the USFDA has designed a decision tree to guide
the design of the required studies based on prior knowledge of
the disease state and the pharmacokinetics and pharmacody-
namics of the drug (see Johnson, 2005 for review). Experience
with paediatric dosing has allowed the development of a
range of paediatric dosing formularies, and additional infor-
mation services and online resources are becoming available
in some countries. However, there are still occasional situa-
tions in which a first dose must be estimated for a drug for
which there is no previous paediatric experience. PBPK mod-
elling would be the superior method to use (Ginsberg et al.,
2004; Bjorkman, 200S5; Johnson et al., 2006). However, as a
last resort, scaling approaches can also be used. A large
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number of children’s drug dosage rules have been described,
almost all of which involve scaling a dose in adults to a
corresponding dose in children. Such approaches make the
fundamentally false assumption that children are ‘little
adults’ and are subject to the same difficulties as scaling on
the basis of size among species. Having considered the com-
plexities that arise in dose extrapolation, it is not surprising
that a precise, universal and simple method for deriving
paediatric doses was never developed. Three approaches are
commonly used:

1. Scaling the adult dose on the basis of body surface area.
This can be done by using allometric equations, calculated
values of surface area or nomograms. A safety factor is
often used in children younger than 18 months to account
for the extreme differences in the maturity of physiological
and biochemical systems.

2. The Salisbury Rule is designed to be a quick and practical
method for approximating the body surface area
calculation.

If child weight < 30kg, % adult dose = child weight in
kg x 2.
If child weight > 30kg, % adult dose = child weight + 30.

3. Clark’s Rule: Child dosage = (child’s weight (kg) x adult
dosage)/70. This is a simple weight proportional method. It
provides as good a linear fit to the body surface area curve as
can be obtained, but it tends to underestimate doses (Lack
and Stuart-Taylor, 1997).

A recent study examined the performance of these scaling
models for 30 different drugs and found that no single
approach was appropriate for all age groups; Clark’s rule was
safer for neonates and infants, while allometric scaling was
more appropriate for older children (Johnson, 2008). The
study emphasized that these scaling approaches should only
be used as a last resort. Increased recognition of the limitations
of simple scaling is driving research into alternative methods of
dose derivation in children such as PBPK and PKPD modelling.
For a more detailed overview of these efforts, the reader is
referred to a recent review (Bjorkman, 2006).

Issues of dose extrapolation also present themselves when
dealing with elderly patients who are seldom represented in
the clinical trials used to derive the recommended adult
doses. However, scaling has nothing to offer in this setting.
Despite the widely held belief that aging itself can profoundly
alter a drug’s pharmacokinetics, evidence for this is, in fact,
lacking. For example, the activity of the main CYP enzymes,
such as CYP3A4, do not change throughout adulthood (Hunt
et al., 1992). Liver blood flow and liver size decline with age,
fat content increases and serum albumin decreases slightly
(Shah, 2004). However, it has been estimated that the change
in pharmacokinetics produced by age alone is only of the
order of 20-40%, which is modest compared with the
effects of genotype, gender, ethnicity, polypharmacy and
co-morbidities (see Shah, 2004 for review). These factors are
unrelated to size of subjects and would not be amenable to
scaling approaches. Drug pharmacodynamics in the elderly
was relatively ignored as a study subject until recently, and
information is only beginning to emerge. Drug pharmacody-
namics do change with age; the elderly are more susceptible
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to the pharmacological effects of agents such as pro-
arrhythmic, anti-cholinergic and dopaminergic drugs
(Hammerlein et al., 1998). However, the major factors to
specifically address when deriving drug doses in the elderly
are co-morbidities and polypharmacy. PKPD modelling has
much to offer in this setting, as does the use of genotyping
methods to characterize the systems involved in drug phar-
macokinetics and pharmacodynamics. The establishment of
clear guidelines for the elderly as a group will be hampered by
the fact that, unlike the case with children, age is not the
main determinant of the changes in the system, and the range
of possible scenarios in this group is vast.

Conclusion

As species increased in size, they adapted to limitations in
their ability to gather and dissipate energy by decreasing their
pace of life, giving rise to differences in physiological time
relative to chronological time. The quarter power scaling that
describes this phenomenon probably reflects the influence of
fundamental physical and mathematical laws such as the
fractal geometry of the transport networks over which evolu-
tion has no power. It is the difference in physiological time
that allometry can account for. Viewed from an engineering
standpoint, allometry accounts for changes in the number or
size of functional units and the flow rate through the system.
However, evolution has also endowed species with their own
unique characteristics on the background of common ana-
tomical, physiological and biochemical machinery. This
uniqueness is reflected by inter-species differences in protein
binding, drug metabolism and drug transport in the pharma-
cokinetic phase, and changes in receptor expression, affinity
and distribution in the pharmacodynamic phase. From an
engineering perspective, these represent differences in the
flow scheme and redesigns of the system, which cannot
be accounted for by allometry because they override the
comparatively modest effects of size.

Overall, the following drugs are unlikely to be amenable to
simple allometric scaling of their clearance or dose:

1. Drugs that are highly protein-bound, but this can be
corrected for by considering fu.

2. Drugs that undergo extensive metabolism and active trans-
port. Important species differences in drug-metabolizing
systems must be considered.

3. Drugs that undergo significant biliary excretion (MW >
500, ampiphilic, conjugated)

4. Drugs whose targets are subject to inter-species differences
in expression, affinity and distribution.

5. Drugs that undergo extensive renal secretion.

6. Biological drugs that exhibit significant target-binding
effects.

By contrast, the following drugs are likely to be amenable to
allometric scaling of their clearance or dose:

1. Drugs that are predominantly excreted renally.
2. Drugs that undergo minimal hepatic metabolism, or
whose metabolism is primarily flow-limited.



3. Drugs whose targets are not subject to large inter-species
differences in expression, affinity and distribution, or
whose effects are not dependent on a receptor interaction
(e.g. antibiotics).

4. Drugs that do not distribute extensively into tissues.

The industry approach to deriving a dose is to use the
pharmacokinetically guided approach, using clearance and
volume of distribution. The volume of distribution can be
estimated initially using in silico approaches and compared
with real data as they become available; allometric scaling,
PKPD modelling or Dedrick plots can be used if the initial
in silico predictions are inaccurate. For the estimation of clear-
ance, physiological, in vitro and in vivo methods can be
employed at an earlier stage of drug development, followed, if
necessary, by a combination of scaling approaches and PBPK
modelling. Extrapolation of concentration-time profiles may
be superior in some cases. If allometric scaling is used, many
scaling approaches are available (simple allometry, the Rule of
Exponents, protein-binding correction, accounting for physi-
cochemical properties, Dedrick plots). There is a logical con-
ceptual basis for each of the methods, and the choice will
depend on the situation. There is an advantage to using the
Rule of Exponents with protein-binding correction in many
cases. Dedrick plots are useful for scaling concentration-time
profiles, and scaling of the volume of distribution can be
improved by using Dedrick plots. The response-time relation-
ship can be derived by integrating the pharmacokinetic and
pharmacodynamic data to obtain an expected pharmacologi-
cally active dose. For biological compounds, scaling may not
be necessary, and is often more accurate when used, but
effects of receptor binding and occupancy must be sought and
accounted for using the appropriate models.

We agree with the suggestion of Reigner and Blesch that
candidate doses should be derived by using the dose-by-
factor, pharmacokinetically guided and, if relevant, the
similar-dose approach followed by consideration of their rela-
tive merits (Reigner and Blesch, 2002). Of these, we expect
that the pharmacokinetically guided approach will be supe-
rior in most cases. The first dose in man should be estimated
with an emphasis on safety and should be either a MABEL or
a MRSD, whichever is lower. The pharmacologically active
dose can then be used to inform dose escalation. It is impor-
tant to consider how the MABEL and MRSD relate to the
pharmacologically active dose. A problem with the MRSD is
that it can be higher than the pharmacologically active dose
in some situations, but we anticipate that this situation will
not arise if a MABEL is used. Clinical trials sometimes yield
equivocal or disappointing results for treatments, which were
reasonably predicted to be beneficial. This is another situation
in which careful consideration should be given to the
administered dose and how close it really is to the
pharmacologically active dose.

The same principles apply to the derivation of veterinary
doses, although the practical approach is to scale the dose and
dosing regimen separately using the exponent 0.75. More
research is needed to provide species-specific dosing recom-
mendations for the larger animal species. As regards scaling
doses within the same species, scaling of doses in children
should only be used as a last resort. In the short to medium
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term, PBPK and PKPD approaches should be used to derive
first doses in children, followed by PKPD studies as outlined
by the relevant guidelines.

In conclusion, it is important for the healthcare, scientific
and wider communities to be aware that it is not appropriate
to scale doses on the basis of body weight alone. There are
only two very specific exceptions to this rule, which are made
for practical rather than conceptual reasons; the first is scaling
of biological compounds, because of their low tissue distribu-
tion, and the second is when performing allometric scaling of
adult doses to neonates and infants, because of safety consid-
erations. A large number of tools are available to estimate the
first dose in human studies; scaling still plays an important
role, but its position in the thought process of first-in-human
dose estimation is being redefined as more advanced
approaches are developed. For dose extrapolation from adults
to children, scaling of the dose is considered the approach of
last resort. Scaling is still frequently used in veterinary prac-
tice, but we recommend that the approaches that are being
introduced to derive first-in-human and paediatric doses
should also be used more extensively to derive doses for the
larger animal species encountered in veterinary practice. In
the end, dose estimation always requires careful consideration
of the situation in hand; there is no universal approach that
will work for every situation.
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